We demonstrate the use of an extended, optically trapped probe that is capable of imaging surface topography with nanometre precision, whilst applying ultra-low, femto-Newton sized forces. This degree of precision and sensitivity is acquired through three distinct strategies. First, the probe itself is shaped in such a way as to soften the trap along the sensing axis and stiffen it in transverse directions. Next, these characteristics are enhanced by selectively position clamping independent motions of the probe. Finally, force clamping is used to refine the surface contact response. Detailed analyses are presented for each of these mechanisms. To test our sensor, we scan it laterally over a calibration sample consisting of a series of graduated steps, and demonstrate a height resolution of ∼ 11 nm. Using equipartition theory, we estimate that an average force of only ∼ 140 fN is exerted on the sample during the scan, making this technique ideal for the investigation of delicate biological samples. 288-290 (1986). 2. A. Pralle, M. Prummer, E. L. Florin, E. H. K. Stelzer, and J. K. H. Horber, "Three-dimensional high-resolution particle tracking for optical tweezers by forward scattered light," Microsc.
Introduction
Optical tweezers use the high-intensity gradients produced in a tightly focused laser beam to trap micron-sized dielectric particles in three dimensions [1] . Particles trapped in a fluid are subject to Brownian motion, which causes them to explore a region around their equilibrium position, referred to here as the thermal volume. A sample which encroaches on the thermal volume of the probe further restricts its motion and, in doing so, the surface topography is revealed. Conventionally, this approach makes use of spheres of sub-wavelength dimensions held in Gaussian beams and is referred to as Photonic Force Microscopy (PFM) [2] . While highly successful in many applications [3] [4] [5] , PFM has some drawbacks -the direct laser illumination of samples can be damaging to sensitive biological specimens, and it is less effective in optically dense environments where samples are likely to cause beam interference or occlusion. Altering the optical field in this unknown manner influences the optical forces acting on the particle and changes the thermal volume in a way that is difficult to decouple from the effects of the sample surface itself. It can also introduce errors into the measured position of the probe. Seitz et al. have investigated the effect of phase disturbances, introduced by surface structures, on the measured position (recorded using back focal plane interferometry) of an optically trapped microsphere [6] . They describe a method to correct for the presence of arbitrarily shaped scatterers with phase shifts comparable in magnitude to that of the probe by performing a pre-calibration step.
A different strategy is the use of an extended particle as a probe, which allows the trapping beams and probe tracking to be removed from the sample interface, enabling investigation of strongly scattering samples, without the need for a pre-calibration step. Such a probe also introduces new advantages, for example, the orientation, as well as the position of a non-spherical object can be controlled by dynamically reconfigurable traps. This permits control to be exerted over an arbitrarily sharp tip, giving rise to true structure mediated micro-nano coupling [7] .
The development of techniques to generate and reconfigure multiple optical traps, such as holographic optical tweezers [8] and the generalised phase contrast method [9] , have enabled trapping and video-rate control of structures more complex than a simple sphere [10] . The thermal motion of an optically trapped particle depends upon both its optical environment, and its geometry and composition. For example, optically trapped micro-rods, held with their long axis parallel to the microscope focal plane using two optical traps (as shown in Fig. 1(e) ), have a trapping stiffness that is strongly dependent upon the separation of the trapping beams (optical environment) [11, 12] , and the size, aspect ratio, and refractive index of the microrod (geometry and composition) [13] . In particular, the translational stiffness of the trap in the direction parallel to the long axis of the micro-rod can be greatly reduced by positioning the trapping beams well within the ends of the rod, whilst leaving the stiffness in other directions relatively unchanged. This is a useful property, allowing the sensitivity of the system parallel to the micro-rods long axis, the sensing axis (the direction in which forces are predominantly to be measured), to be tuned by adjusting the relative trap positions, with minimal effect on the pointing precision (the stiffness of the trap in directions transverse to the sensing direction, i.e. the precision with which the sensing element can be positioned). Increased attention has recently been directed towards the optical trapping and control of micro-and nano-rods, not only for their applications in high precision force and torque sensing [14, 15] , but also in order to investigate their properties [16] , and their potential in device fabrication [17] .
In the following study, we investigate the use of a bespoke dielectric particle, fabricated using two photon polymerisation (Fig. 1) , as a probe to investigate surface topography. This combines the ultra low force capabilities of optical tweezers with a scanning probe approach [18, 19] . We wish to measure the topography with high spatial resolution, whilst minimising the force applied to the surface. The latter condition being especially important in the context of soft biological samples, where we imagine our technique will be most beneficial. We use three methods to modify our probe's behaviour to best achieve this goal: handle shaping, position clamping, and force clamping. First, the handle shape is modified to generate a trapping stiffness anisotropy so that the probe is softly trapped along its sensing axis (and therefore highly sensitive to low forces), but stiffly trapped in the others (and so retains a good pointing precision). To achieve this, the probe handles are cylindrically shaped, inducing a trapping behaviour mimicking that of a multiply optically trapped micro-rod ( Fig. 1(e) ) [11, 12] . Incorporating this property into our micro-tool enables the probe's sensitivity and tip pointing precision to be controlled by varying the relative positions of the trapping beams. Next, trap anisotropy is further refined by position clamping specific modes of the probe's motion [20] . Finally, force clamping ensures the exertion of a constant force on a sample during a scan. By scanning our probe over a test sample consisting of a series of graduated steps, we demonstrate that this technique has a spatial resolution of ∼ 11 nm along the sensing axis and applies an average force of only 140 fN normal to the sample, making it ideal for examining soft biological specimens that would otherwise be deformed and possibly damaged.
Methods

Probe fabrication
Figures 1(a) and (b) show the geometry of the probes demonstrated in this work. A probe is controlled using four holographically generated optical traps, each focused on a trapping handle formed from a right circular cylinder, 6 µm in length, and 2 µm in diameter. Three 5 µm diameter spheres serve as tracking points for stereo microscopic tracking (described in Section 2.2). The probe tip extends forward beyond the front most trapping handles to access (C) 2012 OSAthe sample surface; it is 10 µm in length and tapers to a radius of curvature of 100 nm laterally and 300 nm vertically. Our probes are fabricated using a commercially available 3D direct write laser lithography system (Nanoscribe Photonic Professional), using a laser beam wavelength of 780 nm [21] . They are manufactured in batches of ∼ 100 ( Fig. 1(c) ), and dispersed into an aqueous solution of deionised water and 0.5 % TWEEN 20 surfactant, with a typical transfer efficiency of ∼80 %, resulting in high numbers of probes in the required sample cell ( Fig. 1(d) ).
Probe control and measurement
The micro-tools are trapped and controlled using holographic optical tweezers. Our system is similar to that described in [22] , designed around a commercially available inverted microscope (Axiovert 200, Zeiss). A 4 W 800 nm wavelength laser beam, generated by a titanium sapphire ring laser (899, Coherent) pumped by a solid state laser (Verdi-V18, Coherent) is expanded to fill an electrically addressed spatial light modulator (P512-0785, Boulder Nonlinear Systems) controlled using a LabVIEW (National Instruments) interface, with each hologram calculation performed on a PC graphics card (nVidia, Quadro FX 5600) in under 1 ms [23] . The beam is then passed through a polarising beam splitter and imaged onto the back aperture of an objective lens (1.3 NA 100 × Plan-Neufluar, Zeiss). This simultaneously focuses the trapping beam creating the optical traps, and images the sample. Approximately 40% of the laser beam's power is passed by the objective, and is shared between the traps. Movement of the field of view around the sample is achieved with a motorized x-y stage (MS2000, ASI) and a piezo-electric objective focussing system (Mipos 140 PL, Piezosystem Jena).
Three dimensional particle tracking is achieved using a high numerical aperture stereoscopic imaging system similar to that described in [24] . This provides two views of the sample from different directions, 60 • apart. 'Left eye' and 'Right eye' views are imaged adjacently onto a high speed CMOS camera (Eo Sens MC 1362, Mikrotron). Two dimensional centre of symmetry tracking of a spherical particle's position in each image is combined using parallax to find its three dimensional location. Rigid transformations are used to determine the position and orientation of the extended probe from the three dimensional position of each of the three tracking spheres (see Appendix for more detail). The generalised coordinates q = [r, θ ] describe the probe's instantaneous (i.e. measured from a single camera frame) displacement, r = [x, y, z], and rotation, θ = [θ x , θ y , θ z ], relative to its equilibrium trapping position and orientation (the equilibrium frame is defined in Fig. 1(a) ). The probe configuration is determined in real-time, at up to 1kHz, with image processing and coordinate calculation performed and displayed to the user with a LabVIEW (National Instruments) program [25] . Knowledge of the generalised coordinates allows the position of the tip to be calculated for each frame using rigid transformations, and an ensemble of such measurements enables visualisation of the volume that the tip is free to explore -the tip thermal volume [21] . This is approximately ellipsoidal in shape when the probe is freely trapped, experiencing only optical and thermal forces. Using stereo-microscopy, we estimate that each sphere position is tracked to an accuracy of ∼5 nm in x, y and z. Therefore we estimate the tracking accuracy of the tip position to be Δt x ∼ 3 nm, and Δt y ∼ Δt z ∼ 10 nm (see Appendix for detail of tracking algorithms and error estimations).
Probe trapping stiffness calibration
Background Theory
In this system, the trapping beams interact with non-spherical parts of the probe structure, which will inherently lead to the probe experiencing first order non-conservative trapping forces [26] . However, simulations indicate that non-conservative forces are small (and in fact difficult to measure experimentally) in such a system, until the traps reach the very ends of the trapping cylinders [13] . In this work we are primarily interested in using knowledge of the tip position to elucidate information about a surface it is in contact with, rather than to measure forces. However it is also useful to estimate the force exerted on the sample while in contact with it. This is carried out by applying the analysis described in [21] , to calculate the effective trapping stiffness of our probe under different trapping configurations, under the assumption that any non-conservative forces are small and can be neglected.
Equipartition theory can be used to describe the trapping stiffness of an extended optically trapped object [21, 27] . In the 1D case, the force f experienced by an optically trapped particle is related to its displacement from equilibrium δ x via f = −Kδ x in the linear regime of the trap, where K is the trap stiffness. In the case of our probe, we have 6 degrees of freedom, and the 6 × 6 element trapping stiffness matrix K relates the displacements q to the forces and torques experienced by the probe, f = ( f x , f y , f z ,t x ,t y ,t z ), via:
K can be calculated in a manner analogous to the simple 1D case by equating the thermal and elastic energy of the system:
here k B is Boltzmann's constant, T is temperature in Kelvin, K is symmetric and I is the 6 × 6 element unit matrix. K can therefore be evaluated from an ensemble of measurements of the generalised coordinates q, used to construct the 6 × 6 element covariance matrix, q ⊗ q . The element at row i and column j of q⊗q is given by the covariance term q i q j , where q i denotes the i th element of q. The diagonal terms of K describe the trapping stiffness in each degree of freedom. The off-diagonal terms describe the stiffness of any coupled motion -allowing force measurements to be recovered from the motion of a coupled system. Such terms can arise when the symmetry of the system is broken by small dissimilarities in the trapping handles or in the optical beams. The correlation matrix C C C describes the level of coupling between modes, and may be calculated by normalising each element of q⊗q . For example, the correlation between x and y, C xy , is given by xy / x 2 y 2 . We can also use the elements of K to calculate the location of the optical stress centre for the system, the point in space at which coupling is minimised between the modes, and the averaged point about which the probe rotates. This is a useful point to take as the coordinate origin, and it's behaviour as the probe tip comes into contact with a sample surface also enables precise calculation of the contact point, as described in more detail in [21] . In the case of these experiments, the intensity of each trapping beam is equal, and the optical stress centre is located at the centre of mass of the trap positions when it is trapped in free-space.
Effect of trapping configuration
Here we investigate how the trapping configuration affects the probe's behaviour. Figure 2 indicates how the effective trapping stiffness of translational and rotational modes varies with the separation S between the traps along the sensing axis x (defined in Figs. 1(a) and (b)). The separation of the traps between each side of the micro-tool, D, is held constant and equal to the y-separation of the cylinders in the probe equilibrium frame, throughout these experiments. The trends in effective trapping stiffness agree with those predicted in [11] , and shown experimentally in 2D for a micro-rod in [12] . As expected, the stiffness along the sensing axis, K x , shows the most pronounced dependence upon trap separation ( Fig. 2(a), circles) . When the traps are far (over a wavelength) inside the ends of the cylinders, K x is small. As the beams approach the ends of the cylinders, K x increases, reaching a maximum when the beams are positioned at approximately half a wavelength from the ends. K x diminishes as the beams are further separated after this point, as the beams move off the ends of the cylinders. This behaviour arises because the restoring force along x is dominated by contributions from the end caps of the cylinders; the greatest restoring force is generated when all end caps are simultaneously illuminated by the highest intensity at each beam focus. When the beams are well inside the ends, K y is the stiffest translational mode. As expected, K z < K y due to the elongated shape of the beam focii in the z direction. All components of the translational and rotational stiffness display a reduction as the traps move off the ends of the structure and the probe becomes less stably trapped. The probe was ejected from the optical traps at a separation of 25.8 µm, 100 nm greater than the maximum separation plotted. The elongation of the beam focii also results in K θ z < K θ x and K θ y . Figure 2 also shows that K θ z and K θ y generally increase with S, since rotation through a given angle about these axes leads to greater displacement of the handles from their equilibrium positions at larger S, which results in greater restoring torques. By the same argument, K θ x remains constant with increased S, as this is dependent only upon the trap separation along y (D in Fig. 1(b) ), which is held constant throughout the experiment.
Coupled motion
Small undulations in the stiffness -trap separation curves (Fig. 2) reveal detail of the microscopic structure of the trapping cylinders. Subtle departures between the fabricated probe and the desired geometry may result in exaggeration of the coupling between modes. For example, as the structures dry during the fabrication process, the extended struts upon which the cylindrical trapping handles are mounted may undergo a minor bending distortion due to surface tension, as they are only supported at one end of the structure. These distortions are typically small and so not directly visible with optical microscopy. However, observation of how mode coupling varies with trap separation S can give insight into these effects. As described in Section 3.1, K is calculated from an ensemble of measurements of the generalised coordinates (q) of the probe, enabling force measurements to be recovered from a probe even when it exhibits significant coupling. Figure 3 shows how the off-diagonal elements of the correlation matrix C C C vary with trap separation. Care must be taken when interpreting these signals as they also contain any systematic coupled measurement errors. However, [21] indicates that coupling errors using our stereoscopic measurement technique are low (in [21] , (Fig. 2(b) ), as shown by dashed blue lines in both cases.
the measured normalised coupling of all modes was found to be < 0.15 in a structure designed to have low coupling), and so we are confident that the relative trends in Fig. 3 are real. Generally, there is an increase in coupling as the trapping beams are moved off the ends of the cylinders and the probe's motion becomes unstable. Of particular note are the oscillations in the coupling between x and θ z (Fig 3(d), diamonds) . We postulate that this could be caused by small undulations in curvature and/or thickness along the length of the trapping cylinders (as the exact location and magnitude of the peaks in the oscillations varies from probe to probe), causing a variation in the level of coupling between x and θ z as the trap separation S is varied. This effect may also be responsible for the undulations in the rotational stiffness K θ z (Fig. 2(b) , diamonds), and (to a lesser extent) K x ( Fig. 2(a), circles) as the troughs in the x-θ z coupling coincide with local peaks in stiffnesses K θ z (indicted by dashed lines) and K x . This suggests that coupling between two modes reduces the stiffness of each independent mode. However these are minor effects compared to the overall behaviour of stiffness with trap separation. This section has confirmed that the probe behaves in the 'rod-like' manner as intended, with a stiffness that is maximised when the trapping beams overlap the cylinder ends. For probe transportation across the sample, we require a high trapping stiffness, and so place the trapping beams over the ends of the cylinders. For surface imaging, we place the trapping beams a few microns inside the ends of the cylinders, to achieve a low stiffness (high sensitivity) along the sensing axis (x). This sensitivity can then be controlled by adjusting the trap separation, while leaving the pointing precision of the tip relatively unaffected. The design of our probe gives it additional advantages over an optically trapped micro-rod: the spherical tracking points allow more accurate measurement of position and orientation than shown in [12] (see Appendix), and the trapping beams are removed from the probe tip, minimising sample illumination and problems due to beam occlusion. We now go on to show how the performance of the probe can be further enhanced by position clamping specific modes of its motion.
Position and rotation clamping
By reducing the trapping laser power, we linearly reduce the trapping stiffness of all modes within the stiffness matrix [21] . Hence the sensitivity of the probe is increased along the sensing axis, x, but at the expense of the pointing precision of the tip -i.e. the tip also explores a larger region of space along y and z. Position clamping of selected modes offers a method of improving the pointing precision of the tip at a lower laser power without affecting the sensitivity [20] . It is achieved by measuring the particles displacement from equilibrium (for example Δx), and responding by moving the traps a distance G × Δx (where G is a negative gain factor) in the opposite direction, to exert a larger force pulling the probe back towards its equilibrium position. The quality of the position clamping is dependent upon the reaction time between position measurement and trap update, and the refresh rate of the spatial light modulator. In our system the maximum refresh rate of the spatial light modulator is 203 Hz, and the maximum camera frame rate over the required region of interest is 1 kHz with an integration time of 1 ms. The reaction time from measurement of probe position to trap movement is ∼10 ms -more details of this are discussed in [23] . These time delays limit the maximum stiffness attainable with closed-loop control. Provided that the relevant delays are smaller than the relaxation times of the system, the magnitude of the clamping gain coefficients can be increased beneficially. However, when the two times scales become similar in size, increasing the gain further can result in weaker clamping and, ultimately, in instability [28] . Within these constraints, we are able to position clamp the four least stiffly trapped modes (translations in x and z, and rotations about x and y) of our probe's motion. Translations in y and rotations about z are already too stiffly trapped to position clamp with our system. Optimum gains for each mode are first determined by measuring the effective stiffness at increasing gain show the effective stiffness of these modes under increasing gain magnitude, allowing the gain to be chosen to maximise the stiffness of the desired mode. As the optimum gain peaks are broad, they are robust to any small structural differences between probes, and therefore once optimum gains have been found for a single probe they will give near optimum results for other probes too. magnitudes until instability begins to set in, and the effective stiffness begins to fall. Example curves are shown in Fig. 4(d) and (e). The optimum gains will depend on the exact trapping configuration and power used during a particular experiment. Figure 4 shows the spread of tip positions under different combinations of mode clamping, viewed along the x (a), y (b), and z (c) axes respectively. The light grey line shows the tip trajectory with no feedback. The light blue trace shows the effect of clamping in all possible modes, significantly reducing the variance of the probe tip. The dark blue trace shows the trajectory of the tip when the probe is clamped in z, θ x and θ y , yielding a high sensitivity (large variance) along the sensing axis x, but retaining good pointing precision (low variance) in transverse directions.
By adjusting the trapping configuration, and selectively clamping specific modes, we change the effective trapping stiffness, and also radically alter the shape of the tip thermal volume. Figure 5 shows smoothed outer surfaces of the region the tip is free to explore under a range of conditions. (a) shows the tip thermal volume when the traps overlap the ends of the trapping cylinders, (b) shows how it is expanded when the traps are positioned 3 µm inside each end of the cylinders, and (c) shows it when using the same trapping configuration as (b), but with the trapping power reduced by ∼ 50%, and modes z, θ x and θ y clamped (the same conditions as shown in Fig. 4(a), (b) and (c), dark blue line). All tip thermal volumes are exaggerated by a factor of 60 in size relative to the probe sketch for clarity. Without clamping, we would expect the volume in Fig. 5(c) to be an enlarged (each dimension ∼× 2) version of 5(b), maintaining the same aspect ratio. However, position clamping of the chosen modes compresses the tip motion in z, increasing the tip's pointing precision. It is useful to measure the pointing precision by considering the width and height of the tip thermal ellipsoid, which is characterised using the standard deviation of the spread of tip positions along y and z, σ y,tip and σ z,tip respectively. In Fig. 5(c) , σ y,tip = 48 nm and σ z,tip = 58 nm. The sensitivity of the probe is best characterised by its trapping stiffness along its sensing axis x. Since motion of the probe tip in this direction is purely translational in origin [21] , K x,tip = K x ≈ 3.5 × 10 −7 N/m, for the conditions shown in 5(c). This estimate of the spring constant in the sensing axis of our shaped particle is similar in magnitude to that demonstrated in [29] , in an experiment designed to measure ultra-low forces using an optical trap.
Using a combination of handle shaping and position clamping we have produced a probe which is highly sensitive in the sensing axis x, and therefore exerts a low average force on (C) 2012 OSAsamples during scanning, but maintains a good pointing precision, allowing the location of the interaction with the sample to be well defined. In the next section we investigate and refine the manner in which our probe interacts with a sample surface.
Force clamping and measurement of surface topography
We now demonstrate the use of our sensor as a low force surface topography probe. In addition to position clamping to achieve a good pointing precision at high force sensitivity, we also apply a force clamping technique along the sensing axis, x, to ensure the probe maintains contact with the sample during the scan at a constant average force. In contrast to position clamping, force clamping updates the trap positions not to return the probe to its equilibrium position, but to maintain it at a constant displacement from equilibrium, thus exerting a constant average force on the sample. Here we use a closed-loop algorithm that simultaneously position clamps the probe in modes z, θ x and θ y , force clamps the probe along its sensing axis x, and automatically scans the probe laterally (parallel to y) to measure a surface profile. The performance of our probe is tested on a calibration sample, also fabricated using direct laser writing, and shown in Figs. 6(d) , (e) and (g). It presents a vertical surface with steps of increasing depth along one side, each separated by 1500 nm. The opposite side of the calibration grid presents a series of grooves of varying width.
We initially trap the probe adjacent to the sample, as shown by 'left' and 'right' eye stereo views in Fig. 6(f) . The trajectory of the tip throughout a scan is shown in Fig. 6(a) , viewed along the z axis. When the scan is initiated, the probe moves forwards (in the x-direction) until its displacement in the sensing axis, x, reaches a desired set point. The force clamp is maintained as the probe is then scanned laterally along the sample parallel to the y-axis, over steps of 100, 200 and 500 nm in depth. The front edge of the trajectory plot reveals the surface, here represented by the red line. Rather than simply tracing the edge of the recorded trajectory, this line is reconstructed by separating the data into sections based on y position, and averaging the front most portion of each section. This method was chosen to reduce the impact of individual parts of the trajectory that encroach inside the surface due to any tracking errors.
The inset shows the trajectory of the tip as the probe scans over smaller steps (40, 50, 60, 70, 80, 90, 100, and 200 nm in depth). In Fig. 6(b) , the horizontal axis has been compressed relative to the vertical axis to more clearly reveal the steps. The measurement of the tip position is made in three dimensions, which is important to determine the position of the tip correctly. However, here we present a two dimensional view of the tips trajectory, as the vertical third dimension of the calibration grid does not vary. The standard deviation in the difference between the step size of the calibration grid design, and the measured step size here, is 11 nm, allowing us to estimate the accuracy of the depth measurement of our scan. This is a worst case estimate, as it is made under the assumption that the calibration grid is perfectly fabricated. The trapping power and configuration used in these scans was identical to those described for Fig. 5(c) , and the force clamp set point used was 400 nm, resulting in an estimated average force normal to the surface under investigation of 3.5 × 10 −7 N/m ×400 nm = 140 fN during the scan. The lateral scan-speed used in these cases was 50 nm/s.
There is a simple relationship to consider when selecting the scan-speed to successfully image the surface. The lateral scan-speed, v lat , required to allow the probe long enough to fully investigate each part of the surface as it passes over, is dependent upon the width and height of the tip thermal volume (characterised by σ y,tip and σ z,tip respectively, as described in Section 4), and the time it takes to investigate this volume (characterised by the relaxation times of motion in these directions, τ y,tip and τ z,tip ). Considering the first case, v lat ∝ σ y,tip /τ y,tip , where σ y = (k B T /K y,tip ), and τ y,tip ∝ 1/K y,tip . Here k B is Boltzmann's constant, T is temperature in Kelvin and K y,tip is the lateral stiffness of the probe tip. Combining these we see that v lat ∝ K y,tip . A similar argument holds for the vertical stiffness of motion of the tip K z,tip . Therefore, to optimise imaging speed, it is useful to ensure that modes which contribute to K y,tip and K z,tip are as stiff as possible. K y,tip is dependent upon K y and K θ z , and the probe's handle geometry ensures these modes are already relatively stiff (Fig. 2) . K z,tip is dependent upon K z and K θ y , which are stiffened by position clamping as shown in Section 4. Therefore, by shaping the probe handles, and position clamping the motion of selected modes, we not only increase the pointing precision, but also increase the rate at which surface topography can be imaged. These relationships also indicate that the scan-speed may be increased by reducing the relaxation times of the motion of the tip (τy,tip and τz,tip). This may be achieved by reducing the overall size (such as tip length and handle separation) of the probe. As with other scanning probe techniques, slower scans ensure higher resolution (within the other limits discussed here), and the scan rate can be further optimised depending upon the desired imaging quality. Unlike other scanning probe techniques, using this method allows the number of probes operating simultaneously to be readily increased, decreasing the time taken to image a given area.
Conclusions
In this work we have combined the ultra low force capabilities of optical tweezers with a scanning probe approach, to investigate the use of an optically actuated shaped particle as a surface topography sensor. Using direct laser writing, we have fabricated an extended probe which is multiply trapped and controlled using holographic optical tweezers. We have specifically shaped the handles of our probe to generate 'rod like' behaviour, in that the trapping stiffness anisotropy is strongly dependent upon trapping configuration in a manner similar to that of a multiply optically trapped micro-rod. This enables the probe's sensitivity and tip pointing precision to be controlled by varying the relative positions of the trapping beams. The probe's three dimensional position and orientation is measured in real-time at up to 1 kHz using high-speed video tracking of stereo-microscopic images. We estimate the tracking accuracy of the tip in each direction to be Δt x ∼ 3 nm, and Δt y ∼ Δt z ∼ 10 nm (see Appendix for details). The performance of the probe is further enhanced by position clamping specific modes, lowering the force exerted on the sample and potentially increasing the rate that the surface can be successfully scanned.
To test our probe, we scan it laterally over a calibration sample consisting of a series of graduated steps, and demonstrate a height resolution of ∼ 11 nm along the sensing axis x, normal to the surface under investigation. The lateral (y) and vertical (z) resolution of the imaging technique is limited by the radius of curvature of the tip, which in this case is 100 nm laterally and 300 nm vertically. By fabricating probes with sharper tips, for example by using a focused ion beam, or electron beam lithography, as employed in [30] , this limitation could be overcome and this technique could be used to delicately image samples with full 3-dimensional nano-scale resolution.
We use equipartition theory to estimate the forces exerted on the sample during imaging, and apply force clamping to maintain a constant average force of 140 fN on the sample throughout a scan. This force is ∼ 4 orders of magnitude lower than average force exerted in standard contact mode atomic force microscopy, and also compares favourably to the forces exerted in the 'noncontact mode atomic force microscope', a scanning probe technique designed specifically to exert exceptionally low forces [31] .
An additional advantage of our probe geometry is that the optical traps are spatially separated from the tracking spheres and therefore act as a crude 'optical shield' around the tracking points [32, 33] , preventing small particles and detritus (that can be present in more challenging biological environments) from producing erronius tracking signals. Although detritus trapped alongside the probe is obviously to be avoided, in this case it will only affect the trapping behaviour, not the coordinate measurement. This situation is tolerable for the imaging application demonstrated here, as we are primarily interested in using knowledge of the tip position to elucidate information about a surface it is in contact with, rather than accurately measure forces.
In summary, we have developed an ultra low force scanning probe technique, which uses an optically actuated shaped probe, allowing strongly scattering samples to be imaged from any arbitrary direction. The extended nature of the design removes the trapping beams from the interface under investigation and minimises problems due to beam occlusion. We anticipate that this technique may be used to image the surfaces of non-motile cells resting on, or adhered to, a substrate. For example, the green alga Pseudopediastrum boryanum has previously been imaged, at a lower resolution, using a similar technique [19] . The combination of the features presented here make our technique ideal for obtaining high resolution images of soft biological specimens such as this, that would otherwise be disturbed or damaged. In the analysis, we assume L and V are fixed, known constants. L for a particular probe can be calculated as described in [21] , and V is taken as the average separation between tracking spheres. 
therefore by propagation of errors, assuming no correlation and fixed L and V :
In the case of our probe, V ∼ 12 µm and L = 10 µm, therefore Δt z ∼ 10 nm. A similar argument also yields Δt y ∼ 10 nm. Equation 4 can be considered at the probe design stage to ensure that the chosen geometry (specifically L and V ) yields the desired tip tracking accuracy. If necessary, the tracking accuracy could also be further improved by increasing the number of tracking points on the probe.
